• Anodal tDCS over DLPFC reduced performance on the WAIS-IV.
Introduction
The importance of frontal brain regions has been demonstrated for numerous cognitive processes contributing to intelligence. Dorsolateral prefrontal cortex (DLPFC), a functional area in frontal cortex, is recruited during tests of general intelligence [1] [2] [3] [4] . The middle frontal gyrus (the anatomical location of DLPFC) has been implicated in abstracting and integrating logical relationships [5] , the ability to resolve interference efficiently [6] , and visuospatial reasoning [7] . Medial of the middle frontal gyrus lies the superior frontal gyrus; the lateral part of the superior frontal gyrus has been implicated in aspects of fluid intelligence [8, 9] , while the medial portion contributes to the default mode network and exhibits deactivation and reduced blood flow during cognitive processing [10, 11] . Patients with lesions to left superior frontal gyrus demonstrate deficits in working memory compared to controls, particularly in the spatial domain [12] . The most anterior portion of the frontal cortex, prefrontal cortex (PFC), is activated in a performance-dependent way during reasoning and novel problem-solving tests of fluid intelligence [13] . Spatial and verbal tasks requiring high general intelligence differentially increased activation of lateral PFC in comparison to control tasks [3] .
Given the widespread involvement of frontal brain areas in higher-order cognitive processing, they represent an attractive target for modulating cognitive function. The ability to both improve cognitive performance in healthy individuals and to alleviate deficits in patients with neuropsychiatric illnesses is the goal of substantial research efforts. A growing body of work has been conducted using transcranial direct current stimulation (tDCS), a form of non-invasive brain stimulation, in an attempt to modulate cognitive abilities [14] [15] [16] . Anodal tDCS increases neural activity by depolarizing cortical neurons, whereas cathodal tDCS reduces neural activity by hyperpolarizing neurons [17, 18] . Large neuronal networks are sensitive to such weak perturbations of neuronal membrane voltage caused by these electric fields [19] [20] [21] [22] [23] . Changes in neuronal excitability induced by tDCS outlast the duration of the stimulation [18] , likely through the recruitment of BDNFdependent plasticity [24] [25] [26] .
The reported effects of tDCS on cognitive abilities are diverse, with seemingly conflicting reports of increased and decreased performance. The majority of studies conducted to date only used one behavioral assay to test a specific facet of cognitive processing. To our knowledge, no one study has conducted a comprehensive battery of cognitive testing with the same study population in order to assess the effects of tDCS on performance. Thus, we here asked if tDCS affects performance on a comprehensive assay of overall cognition, a standardized Intelligence Quotient (IQ) test. One of the most widely utilized IQ tests is the Wechsler Adult Intelligence Scale, Fourth Edition (WAIS-IV). Use of the WAIS-IV test is advantageous because separate index scores can be calculated to provide insight into more fine-grained components of intelligence. Previous work has suggested that the different aspects of intelligence probed by the WAIS-IV indices and subtests do not share a single common neuronal substrate [27] .
Because of the broad activation of frontal areas, we first tested if bilateral tDCS over DLPFC changed performance on the WAIS-IV. We hypothesized that by targeting frontal areas with tDCS, we would induce improved performance. Interestingly, the effects of stimulation were detrimental to IQ test performance, specifically in tasks of perceptual reasoning. We then conducted a second study to test the effects of unilateral right or left tDCS on performance on the WAIS-IV; similar performance decreases were found with additional evidence for more pronounced decreases for right tDCS.
Materials and methods

Participants
In total, 44 healthy adults were recruited for this study (21 males, 23 females, mean age = 22.1 years, SD = 4.72 years) from the University of North Carolina at Chapel Hill community. The study was divided into two consecutive substudies for which participants were recruited separately. For substudy 1, 22 participants participated in Session 1 of IQ testing, and 21 of these participants returned for Session 2 and received either bilateral tDCS or sham tDCS with subsequent repeat IQ testing. One participant could not be contacted for Session 2 and was therefore excluded from the study. For substudy 2, 22 participants completed Session 1 of IQ testing, and 20 of these participants returned for Session 2 and received either right tDCS (anodal electrode on right hemisphere) or left tDCS (anodal electrode on left hemisphere) with subsequent repeat IQ testing. Analysis was conducted on the 20 participants who completed both sessions. No participants took part in both substudy 1 and substudy 2. By self-report, participants did not have a history of neurologic or psychiatric illness, were not currently using medication for a neurologic or psychiatric illness, were not currently undergoing counseling or psychotherapy treatment, did not have a first degree relative with a neurologic or psychiatric condition, had never undergone brain surgery, had no brain devices/implants, did not have any cardiovascular diseases, and were not pregnant. All participants signed written consent prior to participation. This study was approved by the UNC-Chapel Hill IRB.
Experimental design
Both substudy 1 and substudy 2 followed a double-blind, between-subjects design with repeated-measure testing of IQ. In both substudies, participants completed the full WAIS-IV (Pearson Education, Inc., San Antonio, TX), as detailed below during the initial study visit (Session 1, baseline). Participants returned at least one week later (Session 2, mean time between sessions = 23.6 days, SD = 19.7) and received either sham or bilateral tDCS (Substudy 1, Fig. 3A ) or right or left tDCS (substudy 2, Fig. 3B ) and immediately afterwards completed the same WAIS-IV test. At the conclusion of the Session 2, participants completed a questionnaire asking if they believed they received stimulation.
Wechsler Adult Intelligence Scale, Fourth Edition (WAIS-IV)
The WAIS-IV is a comprehensive clinical instrument for assessing intelligence of adults between the ages of 16-90 years. There has been substantial demonstration of the test's validity and reliability. The test is composed of 15 core and supplemental subtests which contribute to a composite score that represents general intellectual ability (full scale IQ, FSIQ) and scores in indices of specific cognitive areas. While the FSIQ is considered the best measure of overall cognitive ability, the test issuer recommends to further report the index scales that all contribute to the FSIQ: Verbal Comprehension Index (VCI), Perceptual Reasoning Index (PRI), Working Memory Index (WMI), and Processing Speed Index (PSI). The VCI measures verbal reasoning, verbal concept formation, and knowledge acquired from the environment [28] . Strategies to solve the problems presented in this index may also utilize nonverbal factors such as forming mental pictures. The PRI measures perceptual and fluid reasoning, spatial processing, and visual-motor integration [29] . The WMI measures working memory, the ability to temporarily hold information in memory, manipulate or perform a mental operation on this information, and produce a response [29] ; these processes require attention, concentration, mental control, and [30] [31] [32] . The PSI provides a metric of the participant's ability to quickly and correctly scan, sequence, or discriminate simple visual information [29] ; this measure incorporates short-term visual memory, attention, and visual-motor coordination [33] [34] [35] . Important to note, the PSI includes cognitive decision-making or learning components, and is not simply measuring reaction time or visual discrimination. These index scales are further composed of core and supplemental subtests as described in Table 1 [29, 36] . The raw scores from these subtests are scaled to a metric with a mean of 10 and a standard deviation of 3, based on the given age group. Different scales contribute to standard composite scores (i.e. VCI, PRI, WMI, PSI, and FSIQ), metrics with mean of 100 and standard deviation of 15. For our application, these metrics may be useful in isolating which facet(s) of intelligence are modulated by tDCS. All general testing, administration, and scoring guidelines were followed as prescribed by Pearson Education, Inc [37] .
Transcranial direct current stimulation
For all participants, two stimulation electrodes (5 × 7 cm, placed in saline soaked sponge sleeves) were positioned bilaterally over the middle frontal gyri, at positions F4 and F3 of the International 10-20 System. An additional single electrode located over Cz (5 × 7 cm, placed in saline soaked sponge sleeve) served as the cathode for both stimulation sites (Fig. 1A) . For bilateral stimulation (Substudy 1), two simultaneously triggered single channel stimulators were used to administer anodal tDCS to the frontal electrodes (NeuroConn DC-STIMULATOR PLUS, NeuroConn Ltd., Ilmenau, Germany). Both the participant and the experimenter administering stimulation and the WAIS-IV were blind to the stimulation condition. Bilateral stimulation consisted of 20 minutes of 2 mA direct current applied to each of the frontal electrodes (Fig. 1B , anodal current density at F3 and F4 = 0.057 mA/cm 2 , cathodal current density at Cz = 0.114 mA/cm 2 ). Sham stimulation consisted of 40 s stimulation at 2 mA in the same electrode configuration as for the bilateral stimulation, to mimic the skin sensation of bilateral stimulation (Fig. 1C) . Stimulation occurred while participants were resting but awake, sitting comfortably with eyes open. In substudy 2, right tDCS or left tDCS was only delivered to either F4 or F3 (current density at F4, F3, and Cz = 0.057 mA/cm 2 ), with the same duration and amplitude as used for substudy 1. Sham stimulation (40 seconds) was delivered to the non-targeted side ( Fig. 1D and E) . The current density and duration used in this study are well within currently accepted safety guidelines for tDCS [38] . We adopted a study design that avoided stimulation during test performance since WAIS-IV test duration exceeds the maximal stimulation duration recommended by recent tDCS safety guidelines [39] .
tDCS electric field modeling
To determine which cortical structures were targeted by our stimulation paradigm, we simulated the electric field generated by the tDCS electrode configuration using a previously developed realistic finite element model of a human head incorporating heterogeneous and anisotropic tissue conductivity [40, 41] . The head model is of a single subject (34 year old male) who did not participate in the study. Nevertheless, the simulated electric field distribution is informative of the general properties of the tDCS electrode configuration and current strength used in this study. The modeling procedure is briefly summarized below.
The model was derived from structural T1-weighted MRI images (1 × 1 × 1 mm 3 voxel). Image preprocessing included AC-PC spatial alignment, bias field correction, anisotropic diffusion filtering, and skull stripping [40] . Individual tissue probability maps corresponding to gray matter, white matter, and cerebrospinal fluid (CSF) were automatically created using the segmentation tool FAST in FSL (FMRIB Analysis Group, Oxford, UK) [42] . The non-brain regions were manually segmented into 11 tissue compartments including skin, muscle, skull compacta, skull spongiosa, vertebrae, spinal cord, lens, eyeball, sclera, optic nerve, and sinus, using a combination of segmentation editing tools from ITK-SNAP [43] and an in-house segmentation algorithm based on thresholding and mathematical morphological operations. We modeled the tDCS sponge electrodes as rectangular cuboids with 5 cm × 7 cm surface intersecting the head (Fig. 2) . The complete 3D head model incorporating the tDCS electrodes was adaptively tessellated to produce the finite element model using the restricted Delaunay triangulation algorithm [44] . The electrical conductivity of the head tissues was assigned as in [41] . The electrodes were assumed to have the conductivity of saline (1.4 S/m). Constant electric current was applied to the electrode surfaces away from the head. For substudy 1, 2 mA were applied to each of the frontal electrodes and −4 mA to the posterior cathode. For substudy 2, 2 mA were applied to the frontal electrode (right and left tDCS modeled separately), −2 mA to the posterior cathode, and 0 mA to the frontal electrode contralateral to the stimulated side. Finally, the electric field was computed by solving the Laplace equation using the preconditioned conjugate solver within ANSYS (ANSYS Inc., Canonsburg, PA, USA) [40] .
Data analysis
For each administration of the WAIS-IV, raw scores were calculated for each of the 15 subtests. Age-normalized scaled scores were then determined from these raw scores in accordance with scoring guidelines provided by Pearson Testing, Inc. The scaled scores were tallied to provide sums of the scaled scores, and converted to composite scores: FSIQ, VCI, PRI, WMI, and PSI.
Statistical analysis
Custom-written scripts in MATLAB (Mathworks, Natick, MA) and R (R Foundation for Statistical Computing, Vienna, Austria) [45] were used for analysis. Libraries used in R included lme4 [46] and pbkrtest [47] . Wilcoxon rank-sum test was used to determine if continuous variables (age, time of day for Session 1, and time of day for Session 2) differed by stimulation condition (sham, right, left, or bilateral tDCS); chi-squared test was used to determine if categorical variables (gender) differed between stimulation conditions, and whether perception of stimulation differed between stimulation conditions. We performed a linear mixed model analysis of the relationship between scores on the WAIS-IV and stimulation condition. We entered stimulation condition (sham, right, left, or bilateral tDCS) and session (baseline or post stimulation [post-stim]) as fixed effects, and subjects as a random effect into the model. Visual inspection of the residual plots did not reveal any obvious deviations from normality or homoscedasticity. We used the Kenward-Roger approximation to perform F-tests and to estimate p-values for each factor and their interaction in the mixed model [48] . In the case of significant or trend level interactions, we conducted post-hoc Welch's t-tests in order to determine the source of significance. Specifically, we compared scores between stimulation conditions within each session, and then calculated the difference in scores across sessions for each stimulation condition. Significance was determined by p < 0.05, and trend by p < 0.1. We present both raw p-values and p-values corrected for multiple comparisons using False Discovery Rate (FDR) calculations. Unless otherwise stated, bar graphs depict the mean change in score ± sem. For each participant, the change in score was calculated between sessions (Session 2 − Session 1); these values were then averaged across participants.
Spearman's rank-order correlation was used to assess if the effect of stimulation was related to subtest administration order; group means of the change in score from Session 1 to Session 2 for each subtest were tested for significant correlation with subtest order (1-15). Spearman's rank-order correlation was also used to assess for age-dependent effects of stimulation; change in score between Session 1 and Session 2 on each WAIS-IV metric of interest for each stimulation condition was tested for significant correlation with participant age.
Results
The results of both substudies are detailed below. In substudy 1, we tested the hypothesis that bilateral tDCS applied over frontal Red electrodes represent anodes, blue electrodes represent cathodes, and purple electrodes represent stimulation electrodes which were attached, but only received sham stimulation (A, E, H). For bilateral stimulation, the greatest magnitude of the electric field was mostly localized to areas underneath and between the electrodes (B, left panels: gray matter; right panels: white matter). For unilateral stimulation, electric field was mostly localized to the hemisphere targeted for stimulation (F and I, left panels: gray matter; right panels: white matter). The middle frontal gyri (green) and superior frontal gyri (blue) were the areas of frontal cortex with the highest amplitude electric field (D). Axial, coronal, and sagittal sections showing electric field induced by tDCS (D, G, J).
regions would improve performance on the WAIS-IV IQ test compared to sham stimulation. To our surprise, we found that bilateral tDCS had a negative effect on test performance compared to sham stimulation. Therefore, we conducted a second substudy in order to test whether the effects of right or left tDCS differed from bilateral stimulation. In agreement with our findings from substudy 1, we found that both right and left tDCS induced similar reductions in practice gains on the WAIS-IV. We present the data combined across these two substudies for a number of reasons. The WAIS-IV has been specifically designed and validated to produce reliable scores across different test administrators. In our study, there were no significant differences in baseline score between the different stimulation groups for FSIQ or any of the index scores. In addition, the similar finding of both studies (that tDCS decreased practice gains) indicates that this effect is robust. Therefore, presenting the results of the two substudies combined provides a more comprehensive view of the effects of unilateral and bilateral tDCS on a standardized assessment of IQ.
Demographic and individual characteristics
Participants in the stimulation groups did not differ significantly in age (sham mean = 25. 
Effects of unilateral and bilateral tDCS on WAIS-IV scores
In the finite element simulation, our electrode montage predominantly induced electric fields in the middle and superior frontal gyri of frontal cortex (Fig. 2) . In the case of bilateral stimulation, electric fields were nearly symmetrical in both hemispheres ( Fig. 2A-D) . For left tDCS, the electric field predominantly affected the left hemisphere, with limited spread into the right hemisphere ( Fig. 2E-G) . Similarly, right tDCS targeted right middle and superior frontal gyri with only minimal resulting electric field in the left hemisphere ( Fig. 2H-J) . In order to test the effects of tDCS on intelligence, we assessed change in performance on the indices and subtests of the WAIS-IV as a function of stimulation condition. See Table 2 for the group means of scaled composite scores. The FSIQ is a global estimate of an individual's current level of cognitive ability, and is the most reliable and valid estimate of an individual's intellectual ability [36] . In the linear mixed model assessing the effect of stimulation on FSIQ, the factor session was significant (F(1,40) = 100, p < 0.001), the factor stimulation condition was nonsignificant ( The WAIS also provides index scales to assess specific cognitive areas. To examine which index scale(s) contributed to the tDCS-induced effects on the FSIQ, we further performed linear mixed model analyses for each of the four index scales. The results are summarized in Table 3 and Fig. 5 . The factor session was significant in all indices except VCI, indicating that performance differed from Session 1 to Session 2 for the PRI, WMI, and PSI. Only VCI revealed a significant effect of the factor stimulation condition. Interestingly, only the PRI showed a significant interaction between session and stimulation condition. Post-hoc testing demonstrated that compared to sham stimulation (mean difference in PRI ± SEM = 12.1 ± 2.73), practice gains in the PRI were significantly lower following right tDCS (mean difference in PRI ± SEM = 1.90 ± 20.5, t(16.7) = 2.99, (Fig. 6B ). This effect was not driven by differences in baseline PRI between the groups (all p > 0.1). Given the significant and trend-level interactions between session and stimulation condition on the PRI, we next analyzed the three subtests that comprise the PRI (Block Design, Matrix Reasoning, and Visual Puzzles). These subtests were performed consistently in the order prescribed by the WAIS-IV (Block Design: 1st, Matrix Reasoning: 4th, and Visual Puzzles: 8th subtests). Results of the linear mixed model on these subtests are summarized in Table 4 and Fig. 6 . Block Design and Visual Puzzles showed a significant session effect, while Matrix Reasoning had a trend level effect of session. Visual Puzzles exhibited a significant effect of stimulation condition. For Matrix Reasoning and Visual Puzzles, the interaction between session and stimulation condition was significant or trend level.
Post-hoc t-tests revealed that Matrix Reasoning did not differ significantly between groups at baseline (all p > 0.1). However, practice gains were dependent on the stimulation condition (Fig. 6, mean 
WAIS-IV subtest order and participant age do not explain effects of tDCS
TDCS has been shown to induce outlasting effects on the excitability of motor cortex for multiple hours, assessed by measuring motor evoked potentials induced by transcranial magnetic stimulation pulses [49] . However, no comparable physiological measurement exists to assess outlasting changes in excitability in frontal cortex. In theory, elapsed time since the end of stimulation could affect which subtests showed significant modulation based on stimulation condition. To test for this possibility, we calculated the correlation between group mean of change in score between sessions and subtest administration order. We found no significant correlation between the order of subtests and change in performance between the testing sessions for substudy 1 ( Lastly, the plasticity recruited by tDCS is likely age-dependent [50] . Therefore, effects of stimulation could be masked by the age of participants. To test for this, we calculated correlations between change in scores in each stimulation group and participant age. Correlations were non-significant for all indices of the WAIS-IV and all subtests of the PRI, except for Figure 
Discussion
In the last decade, numerous studies have investigated whether tDCS can be used to improve cognitive abilities or alleviate deficits associated with neuropsychiatric diseases. The resulting literature is diverse, with reports of improved and/or decreased cognitive performance with stimulation in the domains of working memory, executive functioning, verbal and semantic processing, cognitive control during emotion regulation, verbal tasks, visuospatial memory, word fluency, verbal memory, categorization learning, memory performance and learning, language comprehension, and attention control [15, 16] . In each of these studies, tDCS was targeted to frontal brain regions, through electrodes positioned over F4 and F3. Here, we sought to test if unilateral or bilateral tDCS over frontal cortex altered performance on a standardized IQ test, a multi-faceted and comprehensive assessment of cognitive abilities. Specifically, the purpose of substudy 1 was to investigate if bilateral tDCS (anodes over both F4 and F3, cathode over Cz) modulates performance on a standard IQ test. Based on our finite element modeling, stimulation in this study primarily targeted the middle and superior frontal gyri. Other studies which applied stimulation through anodes positioned at F4 or F3 attributed stimulation effects to DLPFC, a functional region which lies on the middle frontal gyrus. The application of bilateral stimulation was chosen because IQ tests assess multiple cognitive functions, which utilize broad frontal areas; previous investigations of the effects of brain stimulation on cognitive function have used similar approaches [51] . As a note, previous reports of 'bilateral' tDCS primarily positioned the anode on one side of the head (often M1) and the cathode over the same region on the contralateral side of the head. This is markedly different from our bilateral stimulation, in which both sides of the head received anodal stimulation, and a common cathode was positioned at Cz. In a follow-up study, we tested whether the effects of right or left tDCS differed from bilateral stimulation. We found that all forms of tDCS (right, left, and bilateral) impaired performance on the FSIQ, compared to sham stimulation. More detailed analysis revealed that stimulation induced selective impairment of the PRI (significant for right tDCS, trending significant for left and bilateral tDCS). Of the three subtests which contribute to the PRI, performance on two exhibited selective impairment based on tDCS. Specifically, right tDCS decreased performance on Matrix Reasoning at the trend level compared to both sham and left tDCS, while the effects of left tDCS for this subtest were indistinguishable from sham stimulation. For Visual Puzzles, both right and left tDCS reduced practice gains compared to sham stimulation. There were no differences in baseline scores between the stimulation groups, thus this cannot explain the stimulation-induced reduction in practice gains on the FSIQ or PRI. Furthermore, our results from two independent substudies support each other. Data collected during the first substudy demonstrated that bilateral stimulation was detrimental to performance compared to sham stimulation. The results from our second substudy, performed following the completion of substudy 1, further support this finding and demonstrate that both right and left tDCS reduce practice gains in both the FSIQ and PRI. These results suggest that unilateral and bilateral tDCS over frontal cortex impair performance on specific perceptual reasoning tasks, but may not affect verbal comprehension, working memory, or processing speed abilities.
Potential mechanisms of tDCS
The mechanisms underlying the effects of tDCS are still under investigation. An important first consideration is that the physiological underpinnings of tDCS-induced changes differ during stimulation compared to after stimulation. Our discussion will focus on changes following stimulation, according to the experimental paradigm implemented in our study. Neurophysiological, imaging, and pharmacological investigations have demonstrated a number of physiological changes following tDCS [52, 53] , which are believed to depend upon changes in synaptic strength mediated by NMDA receptors and both GABAergic and glutamatergic synapses [54, 55] . Early work with tDCS conducted in motor cortex demonstrated that anodal stimulation increased excitability while cathodal stimulation inhibited activity [18] . However, a metaanalysis looking at cognitive studies indicates that in non-motor areas, anodal stimulation may indeed still increase excitability but cathodal stimulation does not induce inhibitory effects [56] ; the authors posited that this may be due to higher brain activation states during cognitive tasks, and the greater range of behavioral measures used in cognitive tasks compared to TMS-induced motor evoked potentials, which are used to measure motor cortex excitability.
Using whole-brain arterial spin labeling, anodal tDCS in left DLPFC has been shown to increase perfusion to brain regions structurally connected with left DLPFC, increase functional coupling between bilateral DLPFC, but decrease functional coupling between left DLPFC and bilateral thalami; immediately following tDCS, perfusion decreased in the frontal lobes bilaterally, in an anatomical distribution similar to that of the default mode network [57] . Contrastingly, fMRI has demonstrated that immediately following anodal tDCS over left DLPFC, the default mode network and bilateral fronto-parietal networks exhibited greater co-activation and connectivity [58] . If perfusion indeed decreases immediately following tDCS, this may mediate the deficits in performance on the IQ test we observed in the present study. Future work will be needed to determine if the brain regions mediating perceptual reasoning abilities may be particularly affected by reduced perfusion, as could be hypothesized based on our finding of selective impairment in the PRI following unilateral and bilateral tDCS.
tDCS effects on perceptual reasoning
We found that both unilateral and bilateral tDCS induced selective impairments in the PRI of the WAIS-IV. The PRI measures fluid reasoning, with tasks that assess nonverbal concept formation, visual perception and organization, visual-motor coordination, learning, and the ability to separate figure and ground in visual stimuli. Previous reports have found that anodal tDCS over frontal cortex improves perceptual sensitivity [59] , learning to identify concealed objects in naturalistic surroundings [60] , and perceptual learning [61] . Other work has applied anodal tDCS to visual areas and improved perceptual learning [62] , while parietal tDCS has improved reaction time on contralateral search tasks [63] . However, another body of research has found that both right anodal and cathodal tDCS on DLPFC impair the efficiency of managing stimulus-response feature bindings, which taxes perceptual abilities; this study proposed that tDCS could create reversible 'frontal lesions', for at least specific cognitive tasks [64, 65] . Another study found that anodal and cathodal tDCS over medial-frontal cortex did not change perceptual processing, but only subsequent error-and feedback-related negativities [66] . Furthermore, anodal tDCS of V1 was shown to block overnight consolidation of visual learning [67] . Thus, our work and previous studies indicate that at least some forms of frontal tDCS may produce a 'frontal lesion' effect, in which stimulation impairs performance on facets of perceptual reasoning. Future work will be needed to elucidate if these specific effects results from the location of applied stimulation, the specific tasks being tested, or a combination of these factors.
Previous studies on tDCS and working memory
Our finding that tDCS does not affect working memory performance joins a diverse set of studies investigating the modulation of working memory ability by tDCS. A number of studies have found that anodal tDCS to left DLPFC improves performance on verbal and non-verbal working memory tasks [68, 69] , with some qualifiers such as improvement measured only in males [70] , or that stimulation was beneficial but selectively in older adults with more education [71] . Other reports found no effects of tDCS on working memory accuracy [72] [73] [74] , but improvement in only reaction time [75] [76] [77] . Conversely, one study found that accuracy, but not reaction time, was improved by anodal tDCS applied to DLPFC compared to sham and cathodal stimulation [78] . Additional evidence suggests that left tDCS improves verbal working memory while right tDCS improves visuospatial working memory [79] . There is weak evidence that concurrently administered anodal tDCS to left DLPFC during a working memory task may improve subsequent testing on another working memory test, compared to just tDCS or administration of the first working memory task alone [80] .
While the conceptualization of working memory is helpful for discussion and study, this remains a broad construct which incorporates multiple cognitive functions (including but not limited to rehearsal, maintenance, updating, and executive function) [32] . Work conducted to disentangle which contributions to working memory may be modulated by tDCS has provided some insight that anodal tDCS over left DLPFC may not improve the ability to overcome bias [81] but may be mediated by specific effects on selective attention because of the presence of interference [82] . Overall, it is still unclear if and how tDCS modulates working memory. A meta-analysis on the effects of tDCS applied to DLPFC on n-back working memory tests (studies published through February 2013) indicates that only reaction time, but not accuracy, is improved by stimulation [83] . Of critical importance for comparison of studies, reaction time is not measured in the WAIS-IV working memory subtest, and thus our results are not directly comparable to tests of working memory which assessed reaction times. We did not conduct MRI scans to accommodate anatomical differences across participants; however, there is evidence that modulation of performance on working memory may result from differing current densities at DLPFC, despite consistent electrode placement according to the 10-20 system across participants [84] . Importantly, our electrode montage differed in the location of the cathode compared to many previous studies. Thus, our induced current is not directly comparable to previous studies which administered anodal tDCS to DPFC.
Investigations of tACS and intelligence
Other studies assessing the role of brain stimulation on aspects of intelligence have utilized transcranial alternating current stimulation (tACS) that employs alternating current waveforms. tACS targets the temporal organization of network activity through frequency-specific enhancement of cortical oscillations and coherence [19, 85, 86] . Such temporal structure plays an important role in mediating cognitive abilities such as attention [87] , working memory [88, 89] , and encoding and retrieval of memory [90, 91] . One study found that gamma frequency tACS administered over left middle frontal gyrus reduced the amount of time required to solve the Raven's matrices [92] . However, there was no difference between tACS and sham groups in accuracy. Another study found that theta frequency tACS over parietal cortex improved performance on a modified version of Raven's progressive matrices, mainly through participants correctly solving more difficult task items [93] . Interestingly, the Raven's matrices in these studies are similar to the Matrix Reasoning subtest of the PRI in the WAIS-IV. The Matrix Reasoning subtest has previously been used as a measure of fluid intelligence [94] , and scores on the test are speed-dependent. Thus, tDCS and tACS may have opposite effects on performance on assays of fluid intelligence. This difference likely relates to the mechanistic difference between tDCS (inducing changes in excitability) and tACS (modulating temporal patterning of activity). Future work will be required to more fully understand the role of each of these stimulation modalities on fluid intelligence, as well as other aspects of cognitive processing.
Neurobiological substrate of Intelligence
The neurobiological substrate of intelligence is still unknown. Historically, it has been posited that the diverse functional roles of DLPFC provide a unified neural architecture for Spearman's classic general (g) factor model of intelligence [3, 4] . In this theory of intelligence, the g factor posits that an individual's mental performance across a broad range of cognitive tests is often comparable [95] . However, recent work utilizing lesion mapping has demonstrated that performance on metrics used to measure the g factor of intelligence depend upon fronto-parietal networks, in accordance with the Parieto-Frontal Integration Theory (P-FIT) of intelligence [96, 97] (however, results from [97] also demonstrate that regions of frontopolar cortex may play a unique role in g). In the P-FIT conceptualization of intelligence, different cognitive functions are mediated by a broadly distributed network of functionally specialized brain regions, including prefrontal, parietal, occipital, and temporal association cortices [27, [98] [99] [100] . Four stages of information processing are supported by critical information flow between multiple brain regions, in particular frontal and parietal regions [101] . In agreement of this model, the neurobiological substrate of intelligence has been hypothesized to correspond to genetically determined brain structure and connectivity [102] [103] [104] [105] [106] [107] , and individuals with more efficient whole brain network organization have a higher overall level of intelligence [108] [109] [110] . Thus, while our study was not a direct assay of the neurobiological substrate of intelligence, our results may provide insight on this question. The differential effects of tDCS on WAIS-IV index and subtest performance is in agreement with P-FIT; because of the spatial distribution of brain structures implicated in the variety of cognitive processes included in the WAIS-IV, the stimulation would differentially affect these networks.
Implications for society: DIY stimulation
The complexity of the neurobiological substrates of intelligence is particularly relevant given the growing interest of the lay public in brain stimulation. In a simplified form, many people believe that increased excitability induced by brain stimulation can be performance-enhancing (motivated by communication of findings that cognitive training enhances brain activity measured by fMRI in prefrontal and parietal area, including the middle frontal gyrus [111] ). The relative low cost, technical ease, and attractive hypothetic benefits of brain stimulation have sparked the development of commercially available do-it-yourself (DIY) brain stimulation devices. However, DIY devices are not validated and may not be safe [112] . Furthermore, our study casts doubt on the hype surrounding the simplified idea that applying tDCS will lead to better cognitive performance [113] . In fact, the opposite effect was demonstrated in our study. This finding together with the very real safety risks of DIY brain stimulation will hopefully discourage the wider, uncontrolled use of tDCS outside the research laboratory.
Limitations and conclusions
There are certain limitations to this study which are important to consider. Because we wanted to administer the full version of the WAIS-IV in accordance to standard testing protocols, the same test was administered to each participant twice. It was clear that participants exhibited a practice effect as a result of the retesting [114] . As all participants in all stimulation groups underwent this same procedure, we do not anticipate the reported effects to depend upon differences induced by this retesting. We cannot fully exclude the possibility that unilateral or bilateral tDCS induced a difference in recall from Session 1, rather than a true alteration to the neural substrates underlying cognitive processing. However, in such a case we would expect performance modulation that is less task-specific than what we found, since not only the perceptual reasoning index showed a learning effect for the sham group. Another limitation to keep in mind is that tDCS was administered before participants completed the WAIS-IV during Session 2. Thus, elapsed time since the end of stimulation might affect which subtests showed significant modulation. However, our correlational analysis showed that time of test was not associated with tDCS-induced performance changes and could therefore not explain the specific stimulation effect on Matrix Reasoning or Visual Puzzles. Lastly, there is growing recognition of important considerations when using tDCS in cognitive research, such as participant motivation [115] ; our study may have suffered from one of these problems.
In conclusion, we found that unilateral and bilateral tDCS over DLPFC reduced practice gains in a comprehensive test of intelligence, with selective impairment in perceptual reasoning. The impairment found here suggests that tDCS indeed targeted selective neuronal network dynamics that enable cognition. Our study highlights that increasing neuronal activity in some frontal areas may not be beneficial to cognitive processing.
Conflicts of interest
The authors declare no competing financial interests.
